The pathogenicities of three proteases from Serratia marcescens, two proteases from Pseudomonas aeruginosa, and one thermolysin from Bacilus stearothermophilus were examined. All proteases tested caused acute liquefactive necrosis of the cornea and descemetocele formation in guinea pig eyes after intrastromal injection, with the exception of the 60-kilodalton protease from S. marcescens, which produced only an opaque lesion.
Pseudomonas aeruginosa elastase and alkaline protease and the Serratia marcescens 56-kilodalton (kDa) protease cause opaque lesions and ulcer formation in the cornea (8, 10) , suggesting that they play an important role in bacterial infections (2-4, 6, 8-10, 12, 13, 15, 18, 22, 24) . We have isolated three different secretory proteases from S. marcescens. The protease with a molecular mass of about 56 kDa (56K protease) is considered to be the most important because of its level of production and proteolytic activity (8, 17) , and we therefore characterized it first. During our investigations we demonstrated its enhancement of the vascular permeability reaction via activation of the Hageman factor (9, 18, 19) . We also found that it could degrade various human plasma proteins and was cytotoxic for fibroblasts (20) .
The 56K protease induced ulceration when injected into rabbit or guinea pig corneas at a dose of 1 ,ug; this phenomenon was prevented by antibody to the 56K protease (8) . However, corneal ulcer formation by the serratial 60-and 73-kDa proteases (60K and 73K proteases) or vascular permeability reaction enhancement possibly caused by the pseudomonal and serratial (60K and 73K) proteases remains to be clarified.
In another series of experiments, we found that the 56K protease was inhibited only about 60% by human a2-macroglobulin (a2M) after a short incubation period; after prolonged incubation more than 90% of its activity was restored (20, 21) . In contrast, we found that the homologous protein of a2M in chicken egg white ovomacroglobulin (ovoM) almost completely inhibited protease activity as * Corresponding author.
well as cytotoxicity (20) . In addition, Ikai and co-workers (1, 7, 11) demonstrated that ovoM inhibited trypsin, thermolysin, subtilisin, and papain in vitro. The goal of the present study was to compare the serratial 56K protease with other purified proteases for the ability to cause corneal ulcer vascular permeability and for susceptibility to inhibition by ovoM.
In this communication we describe three major findings. (i) Serratial and pseudomonal proteases as well as thermolysin from Bacillus stearothermophilus cause comeal lesions, including ulceration. (ii) These bacterial proteases also cause a vascular permeability reaction in guinea pig skin. (iii) Chicken egg white ovoM prevents both the ulceration and the permeability-enhancing reaction induced by these proteases.
MATERIALS AND METHODS
Substances. Chicken egg white ovoM was a gift from Otsuka Pharmaceutical Co., Tokushima, Japan. S. marcescens (kums 3958) was isolated from a patient with severe keratitis. It produced three different proteases, 56K, 60K, and 73K proteases, which were purified to homogeneity as described previously (17) . Crystallized P. aeruginosa elastase (PE) (39 kDa) and alkaline protease (PAP) (48 kDa) were purchased from Nagase Biochemicals, Ltd., Osaka, Japan. Thermolysin (37 kDa) produced by B. stearothermophilus was obtained from Amano Pharmaceuticals Co. Ltd., Nagoya, Japan. All proteases and proteins were homogeneous in polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate. All other reagents were purchased from Wako Pure Chemical Industry, Ltd., Osaka, Japan. (20-min) incubation period at 37°C. The dosedependent inhibitory profiles were biphasic for serratial and pseudomonal proteases, suggesting that there are two binding sites on ovoM with different association constants. When a 2.5-to 3-fold molar excess of ovoM (molecular weight, 720,000) was added to the serratial proteases, they were almost completely inhibited within 20 min (Fig. 1A) . A fourfold molar excess of ovoM completely inhibited PAP, whereas only a twofold molar excess of ovoM was required for complete inhibition of PE (Fig. 1B) . A monophasic inhibitory relationship was obtained in the case of thermolysin versus ovoM until the molar ratio reached 1.0, suggesting that 1 mol of ovoM inhibits 1 mol of thermolysin (Fig. 1B) . The observation of one binding site for thermolysin is similar to a previous observation (11) .
When the mixtures were incubated for 24 h at 25°C, lower concentrations of ovoM were sufficient for complete inhibition of the proteases. Table 1 shows that 1 mol of ovoM added to 1 mol of protease inhibited all the proteases tested by about 55 to 75% within 20 min; thereafter, about 95% inhibition was gradually reached during 24 h of incubation at 250C.
Corneal damage caused by bacterial proteases and its inhibition by ovoM. When injected intrastromally (1.5 ,ug), serratial 60K protease produced corneal opacity, whereas serratial 73K protease (1.5 ,ug) rapidly led to ulceration of the cornea and descemetocele formation within 5 h (Fig. 2) . Intracorneal injection of serratial 56K protease, PAP, or PE (1.5 p.g) caused ulceration of the cornea within 5 h (Fig. 2) .
When each protease was mixed with ovoM at an enzyme/inhibitor (E/I) ratio (molar) of 1:1 to 1:4 and then injected into guinea pig corneas, corneal ulcer or opaque lesion formation caused by the three serratial proteases was completely prevented at an E/I ratio (molar) of 1:2.5 or less (Fig. 2) . Corneal ulceration caused by PAP was also blocked at an E/I ratio (molar) of 1:4. In contrast, in the case of PE, ovoM delayed the appearance of detectable melting by approximately 8 h, but once the melting started it progressed rapidly and ulceration occurred within 1 to 2 h. Thermolysin (1.5 ,ug) also caused corneal ulceration within 6 h; this ulceration was completely prevented by ovoM at an E/I ratio (molar) of 1:1 (Fig. 3) . The cornea-damaging capacity of these proteases and the inhibitory effect of ovoM are clearly shown in Table 2 as corneal damage indices (23) .
Histopathological examination. Corneal tissues were extensively destroyed, with liquefactive necrosis of the stroma by these proteases, and ulceration was clearly observed, except in the case of serratial 60K protease ( Fig. 3 and Table 2 ). The response of the inflammatory cells which infiltrated the cornea and surrounding conjunctiva was relatively weak. When the proteases were injected along with ovoM, ovoM had a very potent protective effect. This effect of ovoM in vitro was confirmed in vivo. Biopsies of the cornea were also taken after intrastromal injection of saline or ovoM alone as a control experiment (data not shown); the result was the same as that shown in Fig. 3 .
Enhancement of vascular permeability by bacterial proteases and its inhibition by ovoM. The bacterial proteases tested in this study caused enhanced vascular permeability resulting in edema formation in guinea pig skin (Fig. 4 and 5) . The most intense extravascular leakage of dye was observed at 10 min after intradermal injection of the proteases (1 to 8 Vxg) (Fig. 4 and 5) . PAP, PE, and serratial 56K protease caused a stronger permeability reaction than did thermolysin and serratial 60K protease. Serratial 73K protease caused the strongest permeability reaction of all the proteases tested: within 10 min it produced severe swelling around the injection site.
The effect of ovoM in vivo was then tested. The vascular permeability and edema formation caused by these proteases were inhibited by ovoM when it was injected along with the proteases into the skin (Fig. 4 and 5) .
DISCUSSION
Many strains of S. marcescens and P. aeruginosa isolated from patients with serratial and pseudomonal keratitis in our hospital show multiple drug resistance. Therefore, it is important to clarify their mechanism of pathogenesis and to develop a method for protection against these pathogens. We previously found that injection of S. marcescens pro- duced keratitis in experimental animals (8). Lyerly and Kreger (15) and we (8) reported that the metalloprotease (56 kDa) secreted from S. marcescens rapidly caused keratitis when injected at a dose of 0.1 to 1.0 ,ug. However, the pathogenesis of comeal ulceration caused by two other proteases from S. marcescens remained unclear. Our present results show that the serratial 73K protease rapidly caused liquefactive necrosis and ulceration in guinea pig corneas, whereas the serratial 60K protease produced only corneal opacity (Table 2 and Fig. 2 and 3 ). There are other reports of corneal ulcer formation caused by PAP and PE (3, 4, 10, 12, 13) . Our results here are consistent with these previous data. We also found in the present study that thermolysin at a dose of 1.5 p.g caused severe keratitis in guinea pig corneas. The ability of the serratial and pseudomonal proteases to cause extensive liquefactive necrosis and descemetocele formation in guinea pig corneas supports the hypothesis that these proteases play a major role in the pathogenesis of these bacterial infections. Solubilization and loss of stromal ground substances may facilitate damage in the tissue. In this context, degradation of fibronectin and collagens by the serratial 56K protease and pseudomonal proteases is also involved (5, 20, 27 ). An important aspect of these proteolytic lesions is that many of the proteases are resistant to serum protease inhibitors such as a1-protease inhibitor and a2M (20, 22, 26) .
We previously reported that the serratial 56K protease enhanced vascular permeability by activating the Hageman factor-dependent pathway in guinea pigs (9, 18, 19) . However, enhanced vascular permeability caused by other proteases remained to be clarified. We reported here that other bacterial proteases also enhanced the vascular permeability reaction. The mechanism of permeability enhancement by the proteases used in this study is under investigation. Lyerly and Kreger (15) reported that a serratial protease play a major role in serratial pneumonia with extensive pulmo- (Fig. 4 and 5). We previously showed that lipopolysaccharide from S. marcescens did not enhance vascular permeability (9) . In this article we described the inhibitory effect of ovoM on both the destruction of the cornea and the enhancement of vascular permeability in guinea pig skin, both of which are caused by various bacterial proteases after in situ injection (Table 2 and Fig. 2 to 5 ). ovoM is known to bind and inhibit a wide variety of endopeptidases, such as seryl, cysteinyl, aspartyl, and metal proteases, as does x2M (1, 7, 11, 20, 21) . Since both a2M and ovoM are tetrameric and contain two identical binding subunits linked by a disulfide bond, they can bind a maximum of two molecules of protease per inhibitor molecule. Thus, the mechanism of protease inhibition by these two macroglobulins is assumed to be similar. However, several different characteristics have been reported for these two inhibitors. a2M has a thioester bond, whereas ovoM does not (1) , and ovoM has a higher association constant for the 56K protease than does a2M (21) . The molecular size of the enzyme-inhibitor complex is larger for ovoM than for a2M (as judged by fluorescence polarization values [1, 21] ). During complex formation with the 56K protease, ovoM suffers only slight proteolysis, as demonstrated by the appearance of a 360-kDa band in polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate, while a2M is degraded into several fragments of 180 and 90 kDa and smaller sizes (20, 21) .
We previously showed that the serratial 56K protease was inhibited by about 75% within 20 min at 37°C when incubated with ovoM at an E/I ratio (molar) of [20, 21] ). These observations suggested 60 -/that a2M was not the optimal inhibitor for these bacterial o / o°cproteases. Similarly, aom-protease inhibitor was rapidly de- graded by the serratial 56K protease, PAP, and PE (20, 22, alone; U---U, thermolysin with 163 ,ug of ovoM.
